[1] Coralline sponge skeletons are excellent tools for reconstructing the carbon isotope history of dissolved inorganic carbon (DIC) in tropical surface waters. Carbon isotope records from coralline sponges clearly reflect the industrial 12 C increase in atmospheric CO 2 with a precision that permits quantitative interpretations. We find from a set of d 13 C records of four Caribbean sponge specimens that the isotopic response of surface water DIC to the changing isotopic composition of atmospheric CO 2 varied dynamically during the last century, depending on the rate of atmospheric change. Three of our sponges provide 600 year long d 13 C records. For the first time, we can reconstruct surface water d 13 C DIC for the full history of the industrial CO 2 release as well as the preceding preindustrial period back to the beginning of the Little Ice Age. This provides a well-founded estimate of the anthropogenically uninfluenced, preindustrial background level of surface water 13 C/ 12 C ratios. Our records show small but systematic variations that appear to be linked to the climate fluctuations of the Little Ice Age.
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Introduction
[2] We investigate stable carbon isotope records of aragonitic skeletons of the coralline sponge Ceratoporella nicholsoni (Figure 1 ), which lives in surface and upper thermocline waters of the Caribbean. These sponges precipitate aragonite very close to isotopic equilibrium with ambient sea water Böhm et al., 1996; Reitner, 1992] . Carbon isotope histories recorded by the sponges display the anthropogenic carbon isotope shift of the 19th and 20th century Böhm et al., 1996; Swart et al., 1998; Lazareth et al., 2000; Moore et al., 2000; Nozaki et al., 1978] as well as variations prior to the 19th century. These preindustrial variations provide evidence for natural variations in the atmosphere/surface ocean CO 2 inventory.
[3] On the basis of ice core analyses [Etheridge et al., 1996] , it has been shown that the atmospheric CO 2 mixing ratio (pCO 2 ) varied by 6 ppm before the onset of industrial influences. Carbon isotope data of these ice core inclusions vary in concert with pCO 2 [Francey et al., 1999] . These variations have been linked to climatic variations known as ''Medieval Warm Period'' and ''Little Ice Age.'' Combined with the ice core record, our data provide further constraints on the modeling of global climate changes during this period and support the notion that the Little Ice Age had a measurable, global impact on the carbon cycle. [Sprintall and Tomczak, 1992] near the top of the ''Subtropical Underwater'' [Morrison and Nowlin, 1982] .
Material and Setting
Whereas the Caribbean Surface Water is mainly derived from the tropical South Atlantic, the Subtropical Underwater forms in the tropical and subtropical North Atlantic from where it is transported southwest into the Caribbean [Schmitz and Richardson, 1991] . Thus the shallow water sponges formed their skeletons in waters that predominantly equilibrated with atmospheric CO 2 southeast of the Caribbean, while the deeper water sponges lived in waters that mainly reflect the atmosphere-surface water equilibration in the southwest flowing part of the North Atlantic subtropical gyre [Schmitz and McCartney, 1993] .
[5] As the deeper water site is positioned near the transition from Subtropical Underwater to Caribbean Surface Water, a varying degree of mixing between the two water masses can be expected at this water depth. Upwelling of Subtropical Underwater in the southern parts of the Caribbean [Gordon, 1967] leads to further mixing of the two water masses. It should also be noted that the surface water stratification pattern of the Caribbean may have been different during the Little Ice Age.
Methods
[6] Microsamples for isotope analysis were collected with a 0.5 mm dental drill and processed using standard procedures as described by Böhm et al. [1996] . Analyses were carried out at the isotope lab of the Geological Institute, University of Erlangen, with a Finnigan Mat 252. Temporal resolutions of individual samples range from 2 to 4 years/sample, depending on the growth rates varying from 0.19 to 0.43 mm/year. External precision (2s) of d 13 C mesurements based on multiple analyses (N = 87) of standards NBS 19 and IAEA CO1 is ±0.04%. All carbon isotope ratios are given in the common delta notation, relative to V-PDB (Vienna Pee Dee Belemnite).
[7] Growth rates derive from U/Th dates in three specimens (measured at GEOMAR and at Göttin-gen University) and fits of 14 C AMS data (Figure 2 ) to the radiocarbon ''bomb spike'' Druffel, 1989] in specimen Ce145 [Böhm et al., 1996] and specimen 392-19 (measured at the Leibniz-Labor, Kiel University). For the latter we assume that the timing of the radiocarbon increase at 125 m depth was similar to the timing in surface waters of that region because the amplitude of change in D 14 C is similar to the surface water change (Figure 2 ). [8] On the basis of these data, we rely on steady growth rates to estimate the ages of individual sampled skeleton layers. Constant growth seems to be the rule, as growth rates calculated from U/Th dated sections of a single specimen show little variation, as long as homogeneous parts of a skeleton are considered (Figure 1 ). We use linear regression to fit growth curves to the radiometrically dated tie points (Figure 2) . A linear growth model provides an optimal fit to the age data of specimen 392-19. We used a second-order polynomial for specimen Ce95-2 and a third order polynomial for specimen Ce96-1. Details of the dating methods will be given elsewhere (A. 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 Year (A.D.) [Druffel, 1989] . Error bars are smaller than symbols except where shown. The width of the symbols is equivalent to the width of the samples. The lower x axis corresponds to the Florida coral D 14 C curve. The upper x axis shows the sample distance from the top of the sponge skeleton along the growth axis. We take the value intermediate between the prebomb and postbomb levels to represent the year 1964 ± 5 A.D. in both sponge skeletons. Spacing of the sponge radiocarbon samples is scaled to the lower x axis (time) by assuming a growth rate of 0.19 mm/a. Specimen Ce145 probably grew slightly faster (0.22 mm/a [Böhm et al., 1996] ) than specimen 392-19.
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Geosystems G 3 G Keeling et al., 1979; Friedli et al., 1986; Francey et al., 1999; Quay et al., 1992; Laube-Lenfant and Pierre, 1994; Bacastow et al., 1996] . In all records the industrial period shows an older segment of slowly declining d 13 C values. In contrast, the younger segment, starting about 1960 A.D., exhibits rapidly declining values (Figures 3d-3f) . This parallels the records of atmospheric pCO 2 and its 12 C content, measured in ice core inclusions and air, which started to increase at higher rates between 1950 and 1960 A.D. [Friedli et al., 1986; Etheridge et al., 1996; Francey et al., 1999] (Figure 4 ).
[10] The industrial decline in d 13 C started in the first half of the 19th century after a short period of stable values around 1800 A.D. This late preindustrial plateau shows nearly constant values in all measured sponges (Figure 3 ). The stable period was preceded by a slight decline in d 13 C in the middle of the 18th century. The highest measured d
13 C values of both shallow water records occur during the 17th and early 18th century (Figure 3b and 3c). Before that period, i.e., before about 1600 A.D., values were in the same range as in the early 19th century. In the shallow water sponge records the mean d 13 C of the 1400-1500 A.D. interval is significantly lower ( p < 0.01) than the 1620-1720 A.D. mean (Table 1) .
[11] Specimen Ce95-2 has two bio-eroded zones interrupting the isotope record (Figure 3c ). It shows a relatively high scatter in the preindustrial part of the record. Two parallel isotope transects were sampled at a distance of $1cm. We find an offset of $0.1% between corresponding values of the 13 C of atmospheric CO 2 (green crosses, outer left y axis) and atmospheric pCO 2 (circles, right y axis, reciprocal scale). Atmosphere data are derived from Antarctic ice core and firn air inclusions [Etheridge et al., 1996; Francey et al., 1999] and air measurements [Keeling and Whorf, 2001] . The atmospheric d 13 C record is scaled for its preindustrial mean and minimum values to fit the shallow water sponge record. The d 13 C curves are smoothed by locally weighted linear regressions (9% window). The horizontal line marks the preindustrial (1400 -1850 A.D.) means (280.5 ppm, À6.37%, 4.95% VPDB, respectively). Slight offsets in the timing between atmosphere and sponge records can be artefacts of the dating methods. Blue bar at the top shows the approximate duration of the Little Ice Age [Grove, 1988] . Red bars mark the Spörer (ca. 1420 -1540 A.D.) and Maunder (1645 -1715 A.D.) sunspot minima.
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Geochemistry Geophysics Geosystems G 3 G two transects in the preindustrial part (Figure 3c ). The second transect was sampled almost 3 years after the first one; therefore the observed d 13 C offset may represent a similar ageing effect as previously described for sponge aragonite . Nevertheless, the means of the 1400-1500 A.D. interval (transect 1: 4.92%; transect 2: 4.81%) and of the 1620-1720 A.D. interval (transect 1: 5.03%; transect 2: 4.93%) are again significantly different ( p ( 0.01) for both transects respectively. Furthermore, the means of the respective intervals from the first transect and sample Ce96-1 are identical (Table 1) .
[12] The deeper water sample from Pedro Bank shows no obvious d 13 C maximum during the 17th or 18th century but rather very constant values in most of the preindustrial interval (Figure 3a) . However, even in this sample we find a 1400-1500 A.D. mean that is slightly lower than the 1620-1720 A.D. mean (Table 1) . The difference is significant at a 95% probability level.
Discussion
Preindustrial Variations
[13] The sponge records provide the first preindustrial marine d 13 C data with decadal resolution. Additionally, they cover the entire industrial period with higher accuracy, better temporal resolution and better timing constraints than previous records Böhm et al., 1996] . The excellent reproducibility between records from different sites of similar water depth (Figure 3b and 3e) shows that sponge skeletons can reliably register regional environmental signals. The great similiarity between the Jamaica and Pedro Bank records indicates that the measured carbon isotope signal is representative for open sea surface waters of the central Caribbean and of the equatorial to tropical/subtropical Atlantic Ocean.
[14] Surface water studies McNichol and Druffel, 1992; Gruber et al., 1998 ] show a high d 13 C DIC variability at timescales of days to months with amplitudes significantly greater than 0.1%. Variations with periods of 3-5 years and amplitudes of $0.1% have been C a , ice core, and firn air inclusion data [Francey et al., 1999] ), which is pi to 1960s:
À0.67%, 1960s to 1980s:
À0.59%.
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Geochemistry Geophysics Geosystems G 3 G observed on interannual timescales . Also, D 14 C in subtropical surface waters may vary significantly on subdecadal to decadal timescales while lacking the expected Suess effect long-term trend [Druffel, 1997] . Such subdecadal variations are explained by advection, vertical mixing, and productivity changes. Longer surface water d 13 C DIC time series have not been available up to now. With the precision and resolution of our records (sample spacing $2-6 years), we can reliably detect [15] The most prominent feature of the preindustrial shallow water record (Figure 3b ) is the 50 years long 0.1% increase in d 13 C from about 1550 to 1600 A.D. and the subsequent decrease until about 1770 A.D. (Figure 4 ). The d 13 C of atmospheric CO 2 increased by $0.05 to 0.10% [Francey et al., 1999] and atmospheric pCO 2 decreased by $6 ppm [Etheridge et al., 1996] during the same period (Figure 4) . Unfortunately, the coarse resolution and limited dating accuracy of both the sponge and ice core records currently prohibit conclusions about the precise temporal relation between the atmospheric and marine records.
[16] The d 13 C of atmospheric or marine dissolved total CO 2 is expected to correlate with 1/pCO 2 [Keeling et al., 1979] as long as CO 2 is sequestered by or released from organic carbon. This is due to the strong 13 C depletion of organic carbon. Addition of such isotopically light carbon to the atmosphere/ocean inorganic carbon pool will in parallel increase the CO 2 and its 12 C content. There are, of course, other mechanisms to change atmospheric pCO 2 and the isotopic composition of CO 2 or DIC independently, for example, changes in the ocean salinity or in the deepwater carbonate ion content will affect atmospheric pCO 2 without isotopic effects [Broecker, 1995] .
[17] The period of pCO 2 reduction and d 13 C increase (1550-1700 A.D.) starts after the Spörer sunspot minimum and coincides with the Maunder sunspot minimum (approximately 1420-1540 and 1645-1715 A.D.; Figure 4 ). These are periods of reduced solar activity [Stuiver and Quay, 1980; Lean et al., 1995] . Moreover, the period between 1550 and 1850 A.D. was an interval of intermittent cool periods, called ''Little Ice Age'' [Grove, 1988; Jones et al., 2001] . Thus global cooling may have been the cause of the parallel pCO 2 reduction and atmospheric/marine d 13 C increase [Trudinger et al., 1999] . Increased solubility of CO 2 in colder surface waters or carbon sequestration in the terrestrial biosphere was discussed previously [Etheridge et al., 1996; Trudinger et al., 1999; Joos et al., 1999] . Only the latter can explain the parallel atmospheric and marine d 13 C increase.
[18] Global cooling of sea surface temperatures would sequester atmospheric CO 2 due to its higher solubility by $10 ppm/K. Models show that on timescales of some decades about half of this amount will be taken up by the oceans . Thus global sea surface temperature cooling alone could explain the pCO 2 decrease, if the globally averaged cooling during the Little Ice Age was $1 K [Grove, 1988; Trudinger et al., 1999; Keigwin, 1996; Kitagawa and Matsumoto, 1995; Watanabe et al., 2001] . However, a global 1 K cooling of sea surface temperatures would increase the isotopic equilibrium fractionation between air and water by $0.1% [Zhang et al., 1995] and this would only lower the d 13 C of atmospheric CO 2 and leave the marine d 13 C DIC almost unchanged. This is because on a multidecadal timescale the exchangeable carbon mass in the ocean is much larger than the mass of carbon in the atmosphere [Keir et al., 1998 ]. Therefore the observed parallel increase of d 13 C DIC and of atmospheric d 13 C during the period of lower pCO 2 requires an alternative explanation.
[19] The observed close correlation of our data with atmospheric pCO 2 indicates a common and therefore global cause. The most likely common cause of all observed carbon cycle changes is an increase in the global biogenic carbon mass during the Little Ice Age [Trudinger et al., 1999; Joos et al., 1999] .
Geochemistry Geophysics Geosystems G 3 G At the same time, the combined atmospheric and marine data allow for only minor global cooling of the ocean surface.
[20] It is unknown whether sequestration of organic carbon to the deep sea by increased oceanic productivity or rather increased storage of organic matter in terrestrial environments caused the observed changes in the earth's carbon budget during the Little Ice Age. Changes in the largescale ocean circulation [Broecker, 2000] but also increased wind induced upwelling in the southern Caribbean and subtropical North Atlantic [Black et al., 1999; deMenocal et al., 2000] may additionally have contributed to the observed variation of Caribbean d 13 C DIC during the Little Ice Age. Only additional long-term records of d 13 C DIC from other oceans will help to find out whether our observations represent a purely global signal. The only published Pacific Ocean carbon isotope record [Wörheide et al., 1997] shows slightly higher values ($0.05%) during the 17th century, which is in accord with a global nature of the observed marine variations.
Industrial Period
[21] The sharp contrast between the almost invariant preindustrial record and the strong decline in d 13 C since 1850 A.D. underlines the exceptional quality of this recent anthropogenic disturbance of the global carbon cycle. Comparing the observed decrease of d 13 C in Caribbean surface water and in the atmosphere [Francey et al., 1999] , we find a consistent and significant decline in the ratio of the marine to the atmospheric change (Dd 13 C DIC / Dd 13 C Atm ) from the pre-1960 period to the 1970s and 1980s (Table 1, Figure 5 ): The marine d 13 C decrease from preindustrial times to the 1960s was $80% of the atmospheric change. The marine d 13 C decrease from the 1960s to the 1980s, however, was only half the atmospheric change. This decline in the apparent isotopic equilibration between atmosphere and surface waters is evident in all four sponge records. Therefore it is unlikely that this observation represents just an artefact of insufficient dating control and unnoticed decadal growth rate variations of our sponges.
[22] In contrast to our observation of a reduced isotopic ocean-atmosphere equilibration after the 1960s, Gruber et al. [1999] report a d 13 C DIC decrease during the decade from 1983 to 1995 in the Sargasso Sea that equals or possibly exceeds the contemporary atmospheric d 13 C decline. However, the youngest part of our isotope record from Specimen Ce95-2 points to a decrease of $0.2 ± 0.07% from the 1980s until 1995 (Figure 3f ). This decrease is compatible with the observations of Gruber et al. [1999] . Obviously, after the minimum of the 1970s (Figure 5 ), the isotopic ocean-atmosphere equilibration increased again to the very high values of the 1990s reported by Gruber et al. [1999] and indicated by the youngest portion of our sponge records.
[23] These variations of the isotopic ocean-atmosphere disequilibrium in the Caribbean Sea can be explained by the history of the atmospheric d 13 C.
The rate of decline of atmospheric d 13 C increased during the 1950s and 1960s, remained high until the late 1980s, and was low during the 1990s [Francey et al., 1999; Gruber et al., 1999] . During the first half of the 20th century the carbon isotopic decline of the atmosphere was slow enough for the tropical surface ocean DIC to follow closely ($80% ''equilibration'', i.e., Dd 13 C DIC /Dd 13 C Atm , in Caribbean and tropical North Atlantic surface waters, Table 1, Figure 5 ). However, with the finite carbon isotopic equilibration time between atmosphere and surface waters, the faster atmospheric d 13 C decrease during the 1960s and 1970s led to a lower degree of equilibration ($50%). The subsequent slow down of the 1990s allowed the oceans to start catching up on the isotopic equilibrium (100-125% equilibration [Gruber et al., 1999] ; $100% in Figure 5 ). This varying degree of isotopic equilibration between atmospheric CO 2 and surface water DIC clearly reflects the current state of the global carbon cycle, far from steady state due to the serious anthropogenic interference of the last 200 years.
Conclusions
[24] This study shows that the coralline sponge Ceratoporella nicholsoni is a very accurate recorder of d 13 C DIC . Coralline sponges are very useful in providing long-term, high-resolution d 13 C records. These provide useful information for estimating ocean uptake of anthropogenic CO 2 [Quay et al., 1992; Bacastow et al., 1996; Sonnerup et al., 1999 Sonnerup et al., , 2000 and the terrestrial biota turnover times [Keir et al., 1998 ].
[25] Our data shows a period of higher values during the Little Ice Age. These preindustrial variations are in concert with changes in the atmospheric carbon reservoir. Our data provide an independent evidence for variations in the global carbon reservoirs prior to the onset of anthropogenic perturbations.
[26] Varying degrees of carbon isotopic equilibration between atmospheric CO 2 and surface water DIC during the industrial increase of atmospheric pCO 2 reflect the dynamic response of the carbon cycle to human interference with magnitudes and 
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